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Previous studies suggest that glia may be re-
quired for normal circadian behavior, but glial
factors required for rhythmicity have not been
identified in anysystem.Weshowhere that acir-
cadian rhythm inDrosophila Ebony (N-b-alanyl-
biogenic amine synthetase) abundance can be
visualized in adult glia and that glial expression
of Ebony rescues the altered circadian behavior
of ebonymutants. We demonstrate that molec-
ular oscillator function and clock neuron output
are normal in ebonymutants, verifying a role for
Ebony downstream of the clock. Surprisingly,
theebonyoscillationpersists inflies lackingPDF
neuropeptide, indicating it is regulated by an
autonomous glial oscillator or another neuronal
factor. The proximity of Ebony-containing glia
to aminergic neurons and genetic interaction
results suggest a function in dopaminergic sig-
naling.We thus suggest amodel for ebony func-
tion wherein Ebony glia participate in the clock
control of dopaminergic function and the or-
chestration of circadian activity rhythms.
INTRODUCTION
Because life has evolved in the presence of daily geophys-
ical cycles, most organisms have acquired the ability to
adapt the timing of physiological processes to external
cycles using an intrinsic time-keeping device called a cir-
cadian clock. Both forward genetic andmolecular screens
in Drosophila and other organisms have identified genes
encoding integral components of the circadian oscillator
(Dunlap and Loros, 2005; Hardin, 2005; Reppert and
Weaver, 2002; Young and Kay, 2001). In the fruit fly, the
core oscillator mechanism governing behavioral rhythmic-
ity is comprised of two interconnected molecular loops
that result in circadian changes in PER and TIM clock
protein abundance and the cyclical feedback repression
of clock gene transcription (Cyran et al., 2003). In addition
to the core transcriptional loops, posttranscriptional fac-tors have been identified that are required for the modula-
tion of clock protein stability, activity, or nuclear entry
(Akten et al., 2003; Grima et al., 2002; Ko et al., 2002;
Lin et al., 2002a; Martinek et al., 2001; Price et al., 1998;
Sathyanarayanan et al., 2004). Although there has been
significant progress in delineating clock mechanisms, less
is known about the molecular and cellular output path-
ways that control organismal physiology and behavior
(Jackson et al., 2005).
Two behaviors are widely employed to assay circadian
rhythmicity in Drosophila: eclosion (the emergence of the
adult from the pupal case) and adult locomotor activity
(Jackson et al., 2005). Mutation of a clock element affects
rhythms in both eclosion and activity, as the same or a
molecularly similar clock regulates both behaviors. In con-
trast, several mutations have been reported to affect only
one of these two behaviors (Majercak et al., 1997; Myers
et al., 2003; Newby and Jackson, 1991, 1993); i.e., to have
rhythm-specific effects on circadian behavior. These find-
ings indicate that genetically separable output pathways
mediate the circadian control of the two different pro-
cesses. Mutations in ebony, for example, selectively per-
turb the locomotor activity rhythm, causing arrhythmicity,
but have no effect on the adult eclosion rhythm (Newby
and Jackson, 1991). Such a rhythm-specific effect sug-
gests that Ebony acts downstream of the clock mecha-
nism to orchestrate the circadian control of locomotor
activity.
Multiple microarray-based studies have identified
Drosophila transcripts exhibiting rhythmic daily changes
in abundance (Ceriani et al., 2003; Claridge-Chang et al.,
2001; Lin et al., 2002b; McDonald and Rosbash, 2001;
Ueda et al., 2002). These studies verified cycling for all
of the known clock genes and, importantly, identified hun-
dreds of other genes that show robust circadian changes
in abundancewithin head tissues.Of note, ebonyRNAwas
shown to exhibit robust circadian cycling in two indepen-
dent studies (Claridge-Chang et al., 2001; Ueda et al.,
2002). These results are consistent with the behavioral
studies discussed above, which suggest that Ebony pro-
tein functions in a clock output pathway.
The most obvious phenotype of ebony mutants is de-
fective sclerotization and cuticle pigmentation, although
they also exhibit altered rhythms, vision (Hotta andBenzer,Neuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc. 435
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Ebony Glia and Circadian Rhythmicity1969), and courtship behavior (Kyriacou et al., 1978). Con-
sistent with these phenotypes, Ebony protein can be de-
tected in the hypodermis (which produces the cuticle),
the visual system, and other brain regions (Richardt
et al., 2002). In the fly visual system, Ebony is localized
exclusively to glia including neuropile and epithelial glia
(Richardt et al., 2002), and it is thought that Ebony func-
tions in a metabolic pathway (Borycz et al., 2002; Richardt
et al., 2003) that may terminate the action of histamine, the
photoreceptor cell neurotransmitter. Based on studies
of the pigmentation phenotype of ebony mutants, it was
shown that Ebony protein has b-alanyl-dopamine (DA)
synthase (BAS) enzymatic activity (Hovemann et al.,
1998), and consequently mutants are lacking N-b-alanyl-
dopamine (NBAD) in peripheral and neural tissues (Perez
et al., 2004) and have elevated levels of DA and b-alanine
in both types of tissues (Hodgetts and Konopka, 1973;
Ramadan et al., 1993). Recently, it was reported that the
Ebony enzyme has a broader substrate specificity than
anticipated from previous studies: purified Ebony can
conjugate b-alanine to several different biogenic amines,
including DA, serotonin (5-HT), histamine, tyramine, and
octopamine (Richardt et al., 2003); hence, it is now consid-
ered a b-alanyl-biogenic amine synthase.
It is known that DA, 5-HT, and other biogenic amines
have neuromodulatory activity in Drosophila and other
insects (Kume et al., 2005). Together with the behavioral
defects of ebonymutants, these findings suggest a model
for the circadian function of Ebony, in which clock output
regulates Ebony (BAS) activity, and consequent changes
in biogenic amine-related signaling within a specific group
of neural cells of the fly brain. Here we show that Ebony-
containing glia are localized close to clock cell projections,
that there is a PER/TIM-dependent control of rhythmic
ebony expression within a discrete population of glial
cells, and that Ebony enzymatic activity is required within
glia for the clock control of locomotor activity. Cellular and
molecular analyses indicate that Ebony acts downstream
of the clock to control locomotor activity and that Ebony-
containing glia are positioned near DA and 5-HT neurons
of the larval and adult brains, consistent with the idea that
these glia are required for the modulation of aminergic
functions. A genetic interaction between ebony1 and an al-
lele of the fly dopamine transporter gene (dDAT) suggests
that dopaminergic transmission has a role in rhythmicity
in vivo. That glia may function in rhythmicity is consistent
with a previously published genetic mosaic study (Ewer
et al., 1992) that implied a role for PER/TIM-containing
glia in the regulation of activity rhythms.
RESULTS
Diurnal Changes in ebony RNA and Protein
In order to confirm and extend previously published stud-
ies of ebonyRNAabundance, we carried out a quantitative
reverse transcription polymerase chain reaction (Q-RT-
PCR) study using oligonucleotide primers for ebony that
flank exons 2 and 3. Consistent with previous results, we436 Neuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc.found that ebony RNA exhibits diurnal (in LD) and circa-
dian (in DD) oscillations in abundance in adult head tis-
sues, with peak abundance occurring at the beginning of
the photoperiod or subjective day (Figure 1A). In both con-
ditions, there is an approximate 4-fold difference between
the times of peak and trough RNA abundance. Although
the abundance of ebony RNA seems to decrease slightly
during DD, there is nonetheless still a clear rhythm in abun-
dance with a peak at the beginning of subjective day.
ebony RNA cycling is eliminated in tim01 and per01 mu-
tants, in both LD and DD, indicating that it is governed
by a PER/TIM-based circadian oscillator (Figure 1A; data
not shown for per01).
To determine if Ebony abundance is under clock con-
trol, we examined abundance at different times of day in
wild-type head extracts. Changes in protein amount were
evident in some experiments, but we did not reproducibly
Figure 1. Ebony Gene Expression Is under Clock Control
(A) Ebony mRNA cycles in abundance in a light:dark (LD) cycle and in
constant darkness (DD). Total RNA samples were prepared from
heads of control yw and yw;tim01 flies collected every 4 hr in LD and
DD. Real-time quantitative RT-PCR was performed on RNA samples
using primers specific for ebony (see Experimental Procedures). Rela-
tive abundance indicates the amount of ebony transcript normalized to
rp49 mRNA abundance, which is known to remain constant through-
out the cycle. ebony RNA cycles in yw but not in tim01 (A) flies.
(B) Ebony protein abundance changes in a diurnal manner in wild-type
(yw) brains. Hand-dissected brains were collected every 4 hr in an LD
cycle. Protein blots were immunostained with rabbit anti-Ebony and
rat anti-MAPK antibodies. Each gel lane contained approximately
5 mg protein. The graph shows the ratio of Ebony to MAPK protein
as a function of time of day.
The horizontal bars in (A) and (B) indicate the light:dark schedules.
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Ebony Glia and Circadian RhythmicityFigure 2. Ebony Protein Is Localized
Exclusively to Glia of the Larval and Adult
Brains
(A–F) Ebony can be detected with a cytoplas-
mic distribution in cells of the wild-type (Can-
ton-S) adult brain (A), the adult ventral nervous
system (B), and the larval brain and ventral
nervous systems (C), but is not specifically de-
tected in the e1mutant ([E and F]; note the lack
of cell body staining in the mutant). (D) shows
colocalization of Ebony and Repo proteins in
glial cells of the optic lobes. Repo can be
detected in every Ebony-containing glial cell.
Staining with the neuronal marker ELAV did
not detect any Ebony-positive cells in brain
tissues (data not shown).see obvious rhythms in protein abundance, in LD or DD,
using head extracts and protein blotting techniques (data
not shown). The lack of cycling might reflect a high abun-
dance of noncycling Ebony protein in the head cuticle.
To examine Ebony abundance in neural tissues, we pre-
pared protein extracts from hand-dissected adult brains
in LD conditions. In these experiments, therewere obvious
changes in abundance, with high Ebony levels observed at
the beginning of day and low levels seen at night (Fig-
ure 1B), consistent with the phase observed for the ebony
RNA rhythm. Given the laborious nature of these experi-
ments, which require many hand-dissected brains for the
preparation of protein extracts from each time of day, we
decided to examine the circadian control of Ebony protein
abundance by immunostaining of individual adult brains
(see below).
Ebony Protein Is Localized Exclusively to Glial Cells
of the Larval and Adult Nervous Systems
It has previously been reported that Ebony protein can be
detected in the larval nervous system and the adult visual
system; in the visual system, Ebony was found to be
exclusively localized to neuropile and epithelial glial cells
(Richardt et al., 2002). We wished to determine the spatial
localization of Ebony protein within the adult nervous sys-
tem, including the visual system and protocerebrum, in
order to examine the abundance of the protein at different
times of day. To determine the locations of Ebony-con-
taining cells throughout the brain, immunostaining was
performed using an anti-Ebony antibody and wholemounts of the adult or third-instar larval nervous systems.
These studies indicated that the protein was localized to
many regions of the brain and ventral nervous system
at both developmental stages (Figure 2). As previously
reported, Ebony can be detected in larvae within defined
cell populations of the brain lobes and ventral nervous
system (Figure 2C) (Richardt et al., 2002). In adults, Ebony
was detected in the optic lobes, protocerebrum, and tho-
racic ganglia (Figures 2A and 2B) of wild-type animals,
whereas Ebony-positive cells were not seen in tissues
obtained from an e1 mutant (Figures 2E and 2F), a known
amorph. We note that development of the nervous system
appeared to be grossly normal in the e1 mutant, and the
spatial distribution of Tyrosine Hydroxylase, PDF, and TIM
proteins were similar in the e1 mutant and the wild-type
(Figure S2 and data not shown). Double labeling with anti-
Ebony and anti-Repo (Reversed Polarity, a glia-specific
antigen) antibodies demonstrated that all Ebony-contain-
ing cells of the larval and adult nervous systems are glia
(Figures 2C and 2D). A similar analysis, using anti-Ebony
and anti-Elav (a neuronal marker), did not detect any cola-
beled cells (data not shown), consistent with the idea that
Ebony is exclusively localized to glia. Previous reports
demonstrated Ebony localization in glia of the optic lobes
(Richardt et al., 2002), and consistent with these published
results, we detected approximately 120 Ebony-containing
cells in each adult medulla. Within the adult protocere-
brum,we detected approximately 100 Ebony-positive glial
cells, and these are located in several different areas of the
dorsal and lateral protocerebrum, regions that are knownNeuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc. 437
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Ebony Glia and Circadian RhythmicityFigure 3. The Ebony Protein Oscillation Can Be Detected by Immunostaining in Wild-Type Brains but Is Damped or Eliminated in
the tim01 Mutant
(A) Ebony immunofluorescence at two times of the cycle in wild-type brains. Brains were dissected at ZT2 and ZT21 from flies maintained in LD or at
CT3.5 and CT21 in DD conditions. Ebony fluorescence was observed to be more intense during the day (or subjective day) than at night (arrows
indicate sites of prominent rhythmicity).
(B) Ebony fluorescence intensity is weaker in tim01 than in the wild-type during the day, and rhythmicity is damped in the mutant.
(C) Average normalized fluorescence (pixel) intensity for different brain regions (optic lobes and protocerebrum) in wild-type and tim01. In all cases,
Ebony fluorescence was normalized to Repo antibody staining intensity. *p < 0.01, **p < 0.05 for differences in fluorescence intensity at two times of
day in wild-type (two-tailed Student’s t test). Differences were not significant for tim01.to contain clock neurons (see later sections). The positions
of Ebony glia suggest that most correspond to the neuro-
pile class of glia, as reported by Richardt et al. (2002), but
certain Ebony-positive cells are in close proximity to neu-
ronal cell bodies (see later section) and may represent cell
body glia (Hartenstein et al., 1998).
Cyclical Changes in Ebony Protein Abundance
in Different Brain Regions
To determine where in the adult brain Ebony might show
circadian changes in abundance, we examined Ebony
immunoreactivity in whole mounts of the adult brain at two
times of day that correspond to the peak and trough of
abundance as determined by protein blotting experiments
(see Figure 1C). As shown in Figure 3, anti-Ebony immuno-
fluorescence signals were higher at the beginning of the
day (or subjective day) (ZT2 or CT3.5) than during the
late night or subjective night (ZT21 or CT21). Rhythmic
changes in Ebony immunofluorescence were observed
in all regions of the adult brain, although they were most
apparent in the dorsal protocerebrum and the optic me-
dulla (Figures 3A and 3D; arrows indicate sites of promi-
nent rhythmicity). Whereas robust circadian fluctuations
in anti-Ebony staining were apparent in wild-type (WT)
brains, this was not observed for brains for the tim01 mu-
tant (Figures 3C and 3D), consistent with a circadian reg-
ulation of Ebony protein abundance.438 Neuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc.Expression of Ebony Exclusively in Glia Rescues
the Behavioral Phenotype of ebony Mutants
Wepropose that Ebony functionswithin glia to regulate be-
havioral rhythmicity. To test this hypothesis, we selectively
expressed the product in glial cells of ebony mutants and
wild-type animals using the Gal4/UAS binary expression
system (Brand and Perrimon, 1993). To determine if in-
creased ebony+ expression perturbed the activity rhythm
ofwild-type individuals, the glial-specific driver Repo-Gal4
wasemployed tooverexpress thegene in all glia. As shown
in Figure 4 and Table 1, there were no obvious differences
between repo-Gal4;UAS-ebony flies andUAS-ebony con-
trol individuals with regard to the robustness of rhythmicity
or thepercentageof rhythmicflies.Weconclude thatEbony
product is not limiting for determination of rhythmicity.
Importantly, the glial-specific expression of ebony+ in
an ebony null background, using repo-Gal4, completely
rescued rhythmicity, demonstrating that expression within
glia is sufficient for normal behavior (Repo > ebony+, e1/e1
in Figure 4A; Table 1). Furthermore, Ebony BAS activity is
required for normal behavior as the glial expression of an
enzymatically dead form of Ebony (a Ser to Ala change
in residue 611 of the active site [Richardt et al., 2003])
did not rescue behavioral rhythms [w;actin-Gal4;UAS-
eS5,In(3R)eAFA in Table 1]. Interestingly, the behaviorally
rescued flies still had a dark body color similar to e1 control
flies (Figure 4B), directly demonstrating anatomically
Neuron
Ebony Glia and Circadian RhythmicityFigure 4. Expression of ebony+ in Glia Is
Sufficient to Rescue the Rhythm Pheno-
type of the e1 Mutant; Overexpression
of ebony+ in a Wild-Type Background
Has No Obvious Effects
(A) Actograms for representative control flies,
e1 mutants, rescued mutants, and individuals
overexpressing Ebony in an e+ background.
Data are from the DD portions of the records
starting with the first day after lights-off. The
horizontal bars beneath records indicate sub-
jective day and night. The overexpression of
Ebony in an e1mutant background, using a glial
cell driver (repo-Gal4), rescued circadian be-
havior. Overexpression of Ebony in a wild-type
background had no effect on rhythmicity. All
flies were in a w1118 genetic background.
Repo > ebony+ = w1118;repo-Gal4, e1/UAS-
ebony+, e1$, , ,.
(B) Body color phenotypes of various geno-
types. (Bi) w1118. (Bii) w1118;e1/e1. (Biii)
w1118;actin-Gal4/+;UAS-ebony+, e1/e1. (Biv)
w1118;repo-Gal4, e1/UAS-ebony+, e1.separable requirements for ebony in pigmentation and
behavioral rhythmicity. As expected, actin-Gal4;UAS-
ebony+;eAFA/eAFA flies, which express ebony+ ubiqui-
tously, had normal pigmentation (Figure 4B) and locomo-
tor activity rhythms (Table 1).
Although Ebony protein normally cycles in abundance in
wild-type individuals, we surmised that pan-glial overex-
pression, using repo-Gal4, might eliminate the protein
cycle. To determine if this was the case, we examined
Ebony cycling in repo-Gal4;UAS-ebony+ and control flies
using immunostaining procedures. Whereas Ebony pro-
tein abundance showed circadian oscillations in control
flies, the protein seemed to be constitutively high in repo-
Gal4;UAS-ebony individuals (Figure S1). Thus, it would
appear that a constitutively high level of Ebony in glia can
rescue behavioral rhythmicity, even though the protein
normally shows circadian changes in abundance in wild-
type animals. We cannot exclude the possibility, however,
that Ebony cycling persists in a limited glial cell population
of repo-Gal4;UAS-ebony+ flies (see Discussion).
Ebony Glia Are in Close Proximity to Clock
Cells and Aminergic Neurons
We wondered how the molecular clock regulated the
rhythmic expression of ebony in glia. To determine the lo-
cations of Ebony glia, relative to clock cells, we performed
coimmunostaining experiments using anti-Ebony and
anti-PER (or TIM) antibodies. This analysis documented
colocalization of Ebony and clock proteins in certain glia
and a close association of other Ebony glia with PER/TIM-containing neurons or glia. Interestingly, there are
Ebony glia adjacent to the small ventral lateral neurons
(sLNvs), the dorsal lateral neurons (LNds), and the dorsal
neuron 1 (DN1) and dorsal neuron 3 (DN3) groups (Figures
5A–5C). In the optic medulla, Ebony and PER (or TIM) co-
localize within certain glia—in this region, approximately
60% of the Ebony glia contain PER and TIM; Figures 5D
and 5E). This suggests that ebony expression might be
directly regulated by a PER/TIM-based oscillator within
certain glial populations.
Given that many Ebony glia contain PER and TIM, we
wondered whether expression of Ebony in all clock cells
(both glia and neurons) would restore normal behavioral
rhythmicity in ebony mutants. As shown in Table 1, this
is indeed the case; tim-Gal4-driven expression of ebony+
restored normal behavior in e1 homozygotes.We presume
that the expression of ebony in a TIM-containing subset of
the Ebony glia restores rhythmicity, although expression in
neurons (using the elav-Gal4 driver) also weakly rescues
rhythmicity (Table 1). Neuronal rescue might be due to
production and release of b-alanyl-amine conjugates
from BAS-containing neurons.
To determine whether Ebony glia might be positioned to
regulate pacemaker neuronal function or to be regulated
by the pacemaker cells, we looked more closely at the an-
atomical relationship between Ebony- and PDF (pigment-
dispersing factor)-containing cells. PDF neuropeptide is
released from the dorsal projections of the small ventral
lateral neurons (sLNvs) according to a circadian rhythm,
and it is essential for the circadian regulation of locomotorNeuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc. 439
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Genotype Period SEM % Rhythmicity RI SEM n
w1118 24.1 0.1 96 0.57 0.02 80
yw 23.8 0.2 88 0.53 0.03 41
CS 23.8 0.06 92 0.42 0.08 22
CS e1/+ 23.3 0.11 90 0.49 0.04 27
CS e1/e1 23.9 0.07 35 0.27 0.03 26
e1/e1 23.4 0.3 28 0.17 0.02 28
yw e1/e1 23.5 0.24 20 0.12 0.01 24
Ebony Overexpression
w;repo-Gal4/UAS-e+ 24.5 0.1 92 0.50 0.04 59
w;+;repo-Gal4/+ 24 0.1 78 0.40 0.04 32
w;+;UAS-e+/+ 24.1 0.1 83 0.32 0.03 31
w;+;actin-Gal4/UAS-e+ 24.4 0.1 97 0.48 0.03 32
w;+;actin-Gal4/TM3,e1 24.1 0.08 94 0.50 0.04 17
w;+;UAS-e+/TM6b,e1 24.4 0.23 93 0.46 0.04 15
w;actin-Gal4/+;UAS-e+/+ 23.8 0.08 100 0.40 0.02 30
w;Cy/+;UAS-e+/+ 23.6 0.06 100 0.55 0.04 16
w;actin-Gal4/+;TM3,e1/+ 24.1 0.06 100 0.47 0.04 17
elav-Gal4/y;;UAS-e+/+ 24.2 0.09 100 0.41 0.04 25
elav-Gal4/y;+;+ 24.1 0.12 100 0.50 0.04 24
Rescue
w;+;repo-Gal4,e1/UAS-e+,e1 23.9 0.1 81 0.40 0.02 70
w;+;repo-Gal4,e1/TM6,e1 24 0.2 23 0.22 0.03 22
w;+;UAS-e+,e1/TM6,e1 24.2 0.2 27 0.23 0.02 59
w;+;UAS-e+,e1/e1 24.1 0.2 24 0.21 0.04 17
w1118;+;repo-Gal4.eAFA/UAS-e+.eAFA 24.1 0.04 95 0.46 0.03 23
w1118;+;UAS-e+.eAFA/TM6,e1 24.1 0.08 39 0.26 0.03 28
w1118;+;repo-Gal4.eAFA/TM6,e1 24.3 0.03 24 0.22 0.02 29
w1118;;UAS-eS5,eAFA/repo-Gal4,eAFA 25.4 0.48 48 0.39 0.03 28
w1118;;UAS-eS5,eAFA/TM6,e1 24.6 0.59 32 0.33 0.03 23
w1118;actin-Gal4/+;eAFA/UAS-e+.eAFA 24.2 0.03 92 0.51 0.02 31
w1118;actin-Gal4/+;eAFA/eAFA 24.3 0.05 33 0.25 0.03 27
w;tim-Gal4/+;UAS-e+,e1/e1 24.3 0.1 86 0.55 0.03 29
w;tim-Gal4/+;TM6,e1/e1 24.2 0.2 27 0.27 0.03 26
w;tim-Gal4/+;e1/e1 24.5 0.2 15 0.24 0.03 20
elav-Gal4/y;+;UAS-e+,e1/e1 23.7 0.01 59 0.42 0.03 32
elav-Gal4/y;+;TM6,e1/e1 23.8 0.1 41 0.26 0.03 60
RI, rhythmicity index.activity (Helfrich-Fo¨rster et al., 2000; Renn et al., 1999). As
illustrated in Figure 5, coimmunostaining with anti-Ebony
and anti-PDF antisera demonstrates that Ebony-contain-
ing glia are in close proximity to PDF cell bodies and their440 Neuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc.projections in the adult brain (Figure 5F–5I). It would ap-
pear that certain processes of the PDF neurons are closely
apposed to Ebony-containing glia (Figures 5G–5I), sug-
gesting the possibility of neuronal-glial communication.
Neuron
Ebony Glia and Circadian RhythmicityFigure 5. Many Ebony-Containing Cells Stain Positive for PER or Are Close to PER-Containing Neurons
(A–C) Double labeling for Ebony and PER shows that Ebony glia are adjacent to the sLNv, LNd, DN1, and DN3 neurons.
(D and E) In the optic medulla, Ebony protein is localized to PER-containing glia (red, PER; green, Ebony); these two panels show different regions
within the optic medulla. TIM protein was also colocalized with Ebony in many optic lobe glial cells (data not shown).
(F–I) Localization of Ebony relative to PDF. (F) pdf-Gal4-driven expression ofUAS-mCD8GFP in the adult brain. Ebony antibody was used to visualize
the localization of Ebony protein relative to PDF-expressing cells and their projections. (G–H) Ebony-containing cells are in close proximity to PDF cell
projections in the dorsal brain ([G], arrow shows one Ebony cell) or in themedulla (H). (I) a high-magnification picture of the region in (H) indicated by the
dotted rectangle (red, Ebony; green, PDF).Because Ebony’s BAS activity can conjugate b-alanine
to biogenic amines, including DA and 5-HT, we also exam-
ined the distribution of Ebony glia relative to dopaminergic
and serotonergic neurons. Studies in mammals and in-
sects demonstrate roles for biogenic amines in the regula-
tion of locomotor activity; a dramatic example is the hy-
perlocomotion phenotype of dopamine transporter (DAT)
mutants (Giros et al., 1996; Kume et al., 2005). Thus, an
interesting hypothesis is that the Ebony BAS may termi-
nate biogenic amine transmitter action by sequestering
amines in N-b-alanyl-biogenic amine (NBAA) conjugates
(Richardt et al., 2003), and thus play a role in regulating lo-
comotor activity. As shown in Figure 6, coimmunostaining
with anti-Ebony and anti-tyrosine hydroxylase (TH) or anti-
5-HT antibodies indicated that most or all DA (Figure 6A)
and 5-HT (Figure 6B) neurons are close to Ebony glia
within the larval and adult brains. Indeed, it would appear
that these Ebony glia lie in close proximity to projections
from DA or 5-HT neurons (insets in Figure 6). This pattern
of localization supports the hypothesis that Ebony enzy-
matic activity, which is restricted to glial cells, may modu-
late synaptic biogenic amine levels by generating NBAA
conjugates. It is an intriguing hypothesis that NBAA re-
lease from glia functions as a feedback mechanism to
regulate biogenic amine release from aminergic neurons.Ebony Acts Downstream of the Clock to Regulate
Behavioral Rhythmicity
If activity feeds back to regulate clock function, in some
way, then the molecular oscillator might be perturbed by
a lack of Ebony product. To ask whether ebony flies have
normal oscillator function, we examined per or tim RNA
abundance in wild-type and e1mutant flies. Those studies
showed that the temporal pattern of per and tim expres-
sion is similar in the two strains (Figures 7A and 7B); how-
ever, tim transcript abundance seemed to be slightly
reduced relative to the wild-type in DD conditions. We
note, however, that the TIM protein abundance rhythm
was similar in the wild-type and e1 as assayed byWestern
analysis (Figures 7C and 7D). Furthermore, TIM levels
cycled normally in both genotypes in several different
TIM-containing cell types (Figure S5), indicating normal
clock function.
As an assay of clock output, we compared rhythms of
PDF immunostaining in e1 and the wild-type. In both types
of flies, we observed robust rhythms of PDF immunostain-
ing in the dorsal projections of the sLNv neurons, indicative
of rhythms of PDF release (Figure S2). We conclude that
molecular clock function and PDF synaptic output are nor-
mal in ebonymutants and that Ebony acts downstream of
the clock to regulate circadian behavioral rhythms.Neuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc. 441
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Neuropeptide Release
To test the hypothesis that PDF release controls the ebony
transcriptional rhythm, we examined Ebony immunofluo-
rescence at different times of day in wild-type flies and
pdf01 mutants, which lack PDF peptide (Renn et al.,
Figure 6. Ebony Glia Are Located near Aminergic Neurons
Ebony-containing cells are in close proximity to TH (Tyrosine Hydrox-
ylase)-positive (A) or serotonergic (B) neurons of the larval and adult
brains. (A) Green, Ebony; red, TH. (B) Green, Ebony; red, serotonin.
(A) shows a whole mount of the entire larval brain. (B) shows the larval
ventral nervous system (VNS) minus the brain lobes. The proximity of
Ebony glia and 5-HT neurons is more easily visualized in the VNS.
Insets show high-magnification views of Ebony glia in proximity to
TH- or 5-HT-positive neuronal processes of the adult brain.442 Neuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc.1999). Ebony protein cycling, as assessed by immunos-
taining for the protein at the peak and trough of the cycle,
was found to be normal in the pdf01 mutant (Figures S4A
and S4B). Furthermore, quantitative RT-PCR measure-
ments using RNA samples from wild-type and pdf01 mu-
tant heads revealed significant cycling of Ebony in both
genotypes (during LD and several days of DD) but no dif-
ferences between the two genotypes (Figure S4C). These
results indicate that ebony cycling is regulated by a mech-
anism not involving the neuronal release of PDF.
Genetic Interactions Indicate that Ebony Modulates
Dopaminergic Signaling
We examined rhythmicity of the e1 mutant in two other
genetic backgrounds to determine if alterations of DA sig-
naling might contribute to the arrhythmicity of ebony mu-
tants. It was first postulated years ago that the Yellow gene
product functions in the melanization pathway (Wright,
1987).More recently, it has been suggested that ymutants
might have elevated DA levels (Drapeau et al., 2003), as
the disruption of DOPA-melanin synthesis in yellow mu-
tants is predicted to lead to elevated DA levels, similar to
that observed in ebony flies (Hodgetts and Konopka,
1973). As shown in Table 1, double mutants carrying e1
and a yellowmutation (y1) exhibited increased arrhythmic-
ity relative to e1 single mutants, suggesting an additive
effect of the two mutations (Table 1). Although this might
be due to a further increase in DA levels in the double mu-
tant, the precise biochemical role of Yellow is still quite
controversial (Drapeau, 2003).Figure 7. Per/tim RNA and Protein Cycling Are Normal in the e1 Mutant
(A andB) Quantitative RT-PCR shows that per and timRNAs cycle in abundance in head tissues of wild-type (C-S) and e1mutant flies. Values for per or
tim RNA abundance were normalized to rp49 values (see Experimental Procedures). Each curve represents five independent measures of RNA abun-
dance from two independent fly head preparations (two measures from one, three measures from the other). Error bars indicate standard error.
(C and D) TIM protein oscillates in abundance in C-S and e1 heads. TIM protein amounts are normalized toMAPK values for all time points. Each curve
in (D) represents three independent measures of protein abundance from two independent fly head extracts. Error bars indicate standard error.
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mutant (fumin, fmn), with decreased DAT function (Kume
et al., 2005) has elevated synaptic DA levels. Thus, we
also examined rhythmicity in doublemutants homozygous
for both DATfmn and ebony (DATfmn;e1), and those studies
revealed an interesting genetic interaction between the
two genes. Whereas e1 mutants seem to have normal
levels of activity, DATfmn flies are known to exhibit signifi-
cantly elevated activity levels (Figure 8) (Kume et al.,
2005). Not surprisingly, flies carrying both the e1 and
DATfmn mutations are arrhythmic, similar to e1, but unex-
pectedly the double mutant exhibited activity levels
more similar to those of e1 flies than to DATfmn individuals
(Figure 8); i.e., e1 suppresses the hyperactivity phenotype
of DATfmn. Given that fly DAT is localized exclusively to DA
neurons (Porzgen et al., 2001), this result strongly sug-
gests that Ebony enzymatic activity is relevant for dopami-
nergic neuronal function (see Discussion).
In the course of quantitating activity in single and double
mutants, we carefully measured activity levels in wild-type
flies and ebony mutants at different times of day. Mea-
surements of daily activity levels indicated that e1 flies
are slightly less active than wild-type individuals in both
LD and DD conditions (Figure S3A). Interestingly, how-
ever, the reduction in activity selectively occurred during
the day portion of the cycle (Figure S3B), indicating that
the Ebony function is required for high levels of daytime
activity. Such a result is consistent with the notion that
Ebony (and perhaps NBAD) promotes locomotor activity
during the daytime (see Discussion).
DISCUSSION
Studies of Ebony indicate that glia have an essential role in
the orchestration of circadian locomotor activity. It is of in-
terest that previous studies in both mammals and insects
have suggested that gliamight be important for the control
of rhythmic physiological events. Cultured cortical astro-
glia that express per-luciferase transgenes, for example,
show circadian rhythms of bioluminescence that may de-
Figure 8. e1 Suppresses the Hyperactivity of the DATfmn
Mutant
Mean daily activity for e1, DATfmn, and the double mutant. Plots show
population averages (w n = 32, w; e1 n = 32, w; DATfmn n = 63, w;
DATfmn; e1 n = 70). Flies were entrained to LD 12:12 at 23C for 5–6
days and then transferred to constant darkness (DD) at the same
temperature for an additional 10–14 days. Average activity level per
30 min bin was calculated for each genotype. Error bars indicate stan-
dard error.pend on diffusible signals from neurons of the suprachias-
matic nuclei (Prolo et al., 2005); these studies suggest that
such glia contain autonomous oscillators that can be reset
by environmental stimuli or by interactions with clock neu-
rons. In Drosophila, previous investigations have shown
that the clock proteins PER and TIM can be detected in
neurons and glia of the optic lobes and protocerebrum
(Siwicki et al., 1988; Zerr et al., 1990), and PER protein
abundance fluctuates according to a circadian rhythm in
both cell types (Zerr et al., 1990). Consistent with roles
for PER in neurons and glia, genetic mosaic analysis has
suggested that per expression in either cell type might
be sufficient for rhythmicity (albeit weak rhythmicity with
glial expression) (Ewer et al., 1992). Our results indicate
that Ebony is localized to glia of at least two types: those
containing PER and TIM and a second class inwhich clock
protein expression is not detectable. In the first class of
cells, it seems likely that rhythmic ebony expression is
controlled by an intracellular PER/TIM-based oscillator.
In the latter class, ebony expression is most likely regu-
lated by direct or indirect interactions with clock cells.
Neuron-Glia Interactions in Circadian Behavior?
It is now an accepted axiom that neuron-glia interactions
are critical for neuronal development and function (Hay-
don, 2001). In addition to serving support roles in the
mature nervous system, glial cells influence the develop-
mental specification of neurons, migration, myelination,
synapse number, and synaptic transmission (Fields and
Burnstock, 2006; Freeman, 2006; Fricker-Gates, 2006;
Ullian et al., 2001). In Drosophila, studies have provided
a detailed understanding of glial cell development and
revealed the transcriptional mechanisms underlying the
differentiation of this class of neural cells (Halter et al.,
1995; Hartenstein et al., 1998; Jones, 2005). Previous
studies have shown that glial cells function in the phago-
cytosis of neuronal debris during development (Cantera
and Technau, 1996) and documented roles for glia in
injury-induced neuronal degeneration (Custer et al., 2006).
Of note, a new study in Drosophila has described a glial-
specific receptor known as Draper that is part of a neuron-
glia signaling mechanism mediating such injury-induced
responses (MacDonald et al., 2006). Insect glia have also
been implicated in neurotransmitter uptake/recycling,
based on studies of GABA, acetylcholine, or glutamate
uptake (Campos-Ortega, 1974; Carlson and Saintmarie,
1990). Finally, studies of Drosophila repo mutants have
demonstrated that glial support is important for neuronal
survival in insects, similar to results obtained in mammals
(Xiong and Montell, 1995).
Perhapsmore relevant for behavior, recent studies have
shown that certain types of mammalian glia (astrocytes)
can regulate the excitability of neurons through the regu-
lated release of ‘‘gliotransmitters’’ (glutamate, ATP, aden-
osine, cytokines, and growth factors), and it has become
apparent that there are reciprocal neuron-glia signaling
systems that regulate neuronal excitability (Fields and
Burnstock, 2006; Haydon, 2001; Haydon andCarmignoto,Neuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc. 443
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Control of the Ebony Molecular Rhythm
and the Regulation of Adult Locomotor
Activity
The model postulates that ebony expression
may be regulated by autonomous glial oscilla-
tors and by output from clock neurons. In turn,
rhythms in Ebony activity are postulated to
control the excitability of dopaminergic or
other neurons that regulate locomotor activity,
perhaps by rhythmic production of NBAD. Pre-
sumably, dopamine (DA) and NBAD are ac-
tively synthesized during the daytime, as a con-
sequence of rhythmic TH and Ebony activities,
both of which are high during the day. Accord-
ing to the model, DA is released from dopami-
nergic terminals and taken up by ebony-con-
taining glial cells. Ebony (BAS) activity then
conjugates dopamine to b-alanine to produce
N-b-alanine-dopamine (NBAD) which may be
released from glia to regulate neuronal excit-
ability and the activation of circuits controlling
locomotor activity.2006). Although certain aspects of this dynamic communi-
cation system are beginning to be understood, clearly
much remains to be learned about the specific factors
that regulateneuron-glia communication.Our studieshave
identified a glial-specific factor (Ebony) and a subpopula-
tion of glia within the fly nervous system that function
with clock neurons to regulate circadian activity rhythms.
It seems likely that intercellular communication between
the neuronal and glial elements of the fly circadian system
is important for the temporal coordination of activity.
PDF and Ebony Expression
Does PDF release contribute to the control of rhythmic
ebony expression? Our colocalization studies, using anti-
bodies for Ebony and PDF, show that greater than 80% of
the Ebony-containing glia reside in close proximity to PDF
neuronal somata or projections—this is the case for glia
that reside in the lateral and dorsal protocerebrum and
the optic medulla of the adult brain. Previous immunoelec-
tron microscopy results show that certain PDF-containing
varicosities are adjacent to glial cells of the optic medulla
(Miskiewicz et al., 2004). We observe Ebony-containing
glia near varicosities of the PDF neuronal projections,
which probably contain dense core vesicles (DCVs), and
adjacent to other regions of the projections. Surprisingly,
however, it appears that PDF is not essential for the regu-
lation of the ebony rhythm (Figure S4). We postulate,
therefore, that communication between Ebony glia and
clock neurons, if it occurs, is mediated by factors other
than the PDF neuropeptide.
BAS Activity and Biogenic Amine Action
A transgene expressing an enzymatically dead form of Eb-
ony does not provide behavioral rescue for ebonymutants
(Figure 4); thus, BAS activity is essential for Ebony’s circa-
dian function. As indicated previously, BAS can conjugate444 Neuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc.b-alanine to many different aminergic neurotransmitters,
including DA, 5-HT, histamine, octopamine, and tyramine
(Richardt et al., 2003, Perez et al., 2004). Interestingly, it
has been demonstrated that Ebony glia are situated near
histamine release sites of photoreceptor cells in the lam-
ina, and it has been suggested that BAS activity conju-
gates histamine to b-alanine to terminate action of the
transmitter (Richardt et al., 2002). We have shown that
Ebony-containing cells are in close proximity to dopami-
nergic and serotonergic neurons of the larval and adult
brains, suggesting a role for BAS in terminating DA and
5-HT action. A genetic interaction between e1 and
DATfmn, a DAT mutant, strongly suggests that Ebony
has a role in dopaminergic signaling. The rhythmic pro-
duction of Ebony (BAS) may result in a circadian modula-
tion of DA action and in turn rhythmic regulation of loco-
motor activity. Alternatively, circadian changes in BAS
activity may result in the rhythmic production and release
of N-b-alanyl-dopamine (NBAD) with high levels of NBAD
driving locomotor activity. Two lines of evidence support
this idea: (1) NBAD is presumably highest during the
day, the time ofmaximal activity; (2) the e1mutation, a pro-
tein null, eliminates NBAD, and this mutation suppresses
the hyperactivity of DATfmn flies even though the double
mutant is predicted to have high synaptic levels of DA.
An Explicit Model for Ebony Function in Rhythmicity
We show that Ebony glial expression is regulated in a cir-
cadian manner and that the protein is required within glia
for normal behavioral rhythmicity. The localization of
Ebony-containing glia near clock cells and aminergic neu-
rons suggests an explicit model for Ebony regulation and
function in the circadian system (Figure 9). According to
this model, ebony transcription is regulated either directly
by a PER/TIM-dependent oscillator within glia (for those
glia containing PER and TIM) or by the release of an
Neuron
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quently, diurnal changes in ebony-encoded and glial-
localized BAS activity lead to rhythms in the conjugation
of biogenic amines to b-alanine and generation of NBAA
product (NBAD in glia near DA neurons). Such a diurnal
modulation of amine action may help shape the temporal
organization of the daily bouts of locomotor activity. This
model, of course, implies the existence of a glial amine
transporter that mediates the uptake of synaptic amines
into glia, although such a system has not yet been identi-
fied in Drosophila.
Furthermore, we postulate that the production of NBAD,
which is high during the subjective day, serves as a bioac-
tive compound to drive locomotor activity during the day-
time. The observation that e1 mutants exhibit selective
daytime deficits in locomotor activity is consistent with
this idea (Figure S3). According to this model, NBAD is
released from glia and acts on dopaminergic or other neu-
rons to regulate excitability and/or transmitter release. To
our knowledge, there is no evidence in the literature that
b-alanyl-amine conjugates have bioactivity, but this is cer-
tainly a possibility given that many other glial compounds
have such activity. Obviously, NBAD may not regulate
locomotor activity, by itself, as it is presumably high
throughout the day, given the profile of Ebony production,
whereas locomotor activity is bimodal, with bouts occur-
ring at dawn and dusk. An alternative model for the role
of Ebony in the regulation of activity is that the unconju-
gated amine (i.e., DA) provides excitatory drive for behav-
ior and that its modification by BAS activity decreases
such excitation. However, such a model is not consistent
with the presumption that NBAD levels are highest during
the daytime, the time of maximal activity, nor with the ob-
servation that the DATfmn;e1 mutant, which probably has
high DA levels, is not hyperactive.
Finally, it is known that Drosophila tyrosine hydroxylase
(TH) RNA is transcribed according to a circadian rhythm
(Ceriani et al., 2003), with high abundance occurring dur-
ing the subjective day, and it is thus a good assumption
that TH enzymatic activity and DA production is maximal
during the day. Such a profile of DA production may ex-
plain why a high constitutive expression of Ebony (BAS)
in glia can restore rhythmic behavior (Figure 4; Figure S1).
Because TH production is presumably still rhythmic in
ebony mutants, high NBAD levels would be expected to
occur in such flies only during the daytime, thus permitting
behavioral rhythmicity.
EXPERIMENTAL PROCEDURES
Fly Strains and Culture Conditions
Fly strains were reared on a modified cornmeal/agar medium (medium
1 of Newby and Jackson [1991]) containing wheat germ. The e1mutant
was crossed to Canton-S (C-S) or w1118 flies for four generations to
generate mutants and controls with similar genetic backgrounds.
The W15 strain was from Paul H. Taghert (Washington University, St.
Louis, MO). The UAS-ebony and repo-Gal4 strains were provided by
Sean Carroll (University of Wisconsin) and Stefan Thor (Linko¨ping Uni-
versity, Sweden), respectively. TheUAS-ebonyS5 strain was a gift fromBernhard Hovemann (Ruhr-Universitat Bochum, Germany). The Tim-
Gal4 strain was from Jeff Hall (Brandeis University, Waltham, MA).
PDF-Gal4 was given by Jae Park (University of Tennessee, Knoxville,
TN). The Actin-Gal4, elav-Gal4, and UAS-mCD8GFP strains were
obtained from the Bloomington Drosophila Stock Center. For rescue
experiments, the Gal4 and UAS transgenes were crossed onto an
e1-containing chromosome using standard genetic recombination
procedures. To measure behavioral rescue, homozygous e1 flies car-
rying both the Gal4 and UAS elements were compared to sibling con-
trol flies that carried a balancer chromosome and either the Gal4 or
UAS transgene.
Behavioral Analysis
Locomotor activity was assayed using 5- to 7-day-old males and the
Drosophila Activity Monitoring (DAM) system (Trikinetics, Waltham,
MA). After loading flies into monitors, they were entrained to LD
12:12 at 23C for 5–6 days and then transferred to constant darkness
(DD) at the same temperature for an additional 10–14 days. Visualiza-
tion of actograms and the analysis of rhythmicity were performed using
a signal processing toolbox (Levine et al., 2002) within the MATLAB
software package (MathWorks). Quantitation of activity levels was
performed using the software package of K. Kume (RestCalc3.3) (Hen-
dricks et al., 2003).
Quantitative RT-PCR
Strains were reared in LD 12:12 at 23C prior to collections. Flies were
collected every 3 or 4 hr during LD or after transfer to DD, and head
samples were prepared using geological sieves. Total head RNA sam-
ples were prepared using the Trizol Reagent method (Invitrogen). For
each set of extractions, about 50 100 ml of heads were suspended
in 1 ml of TRI Reagent solution and then homogenized using a motor-
ized pestle (Kontes). One microgram samples of total RNA were
treated with DNase I (Amplification grade, Invitrogen) to remove geno-
mic DNA and then subjected to reverse transcription using the Super-
script II kit (Invitrogen). Real-time quantitative PCR was performed us-
ing the 2xSYBRGreen PCRMasterMix (AppliedBiosystems) and gene
specific primers with a Stratagene MX3000P thermocycler. Each PCR
experiment was carried out with at least two independent sample col-
lections. Experiments were repeated at least three times. Primers used
in the real-time PCR were as follows: ebony forward, 50-GACATTA
TTGTGGCTAGCTTCTATAACAAG-30; ebony reverse, 50-CGCTGTAGT
CGGTTCTCAAAACT-30; period forward, 50- CAGCTGCAGCAACAG
CCAGTCG-30; period reverse, 50-GGCCTGCGTCGAGGGCTTGC-30;
timeless forward, 50-GGTCAAGCGCAGCAAAAGCAG-30; timeless
reverse, 50-TGAATTCCTTCAGCAGATTGGAGATG-30; RP49 forward,
50-GCCCAAGATCGTGAAGAAGC-30; RP49 reverse, 50-CGACGCACT
CTGTTGTCG-30. Amplification and dissociation curves for each reac-
tion were analyzed using the Stratagene MX3000 software. The rela-
tive abundances of mRNAs were calculated by reference to the cycle
threshold (Ct) values. The values for per, tim, and ebony RNAs were
normalized against rp49 RNA, which does not cycle in abundance.
Average results were obtained from more than three independent
experiments.
Protein Blot and Immunohistochemical Analyses
Standard immunoblotting procedures were employed to examine
Timeless and Ebony. For the TIMWestern analysis, fly heads were ho-
mogenized in Head Extraction Buffer (100 mM KCL, 20 mM HEPES,
5% glycerol, 10 mM EDTA, 0.1% Triton X-100) containing 1 mM DTT
and a 1:100 dilution of protease inhibitor cocktail (Sigma), each added
fresh. Thirty micrograms of protein sample was loaded per time point.
For Ebony, protein was isolated using SDS Extraction Buffer (125 mM
Tris [pH 6.8] and 4% SDS). Two micrograms of protein was loaded per
lane to examine diurnal changes in Ebony abundance. Differences in
Ebony or TIM abundance between time points were quantified using
KODAK 1D Image Analysis Software (Eastman Kodak Company, Ro-
chester, NY). The intensity of each target band was normalized to flyNeuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc. 445
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antibodies were used at dilutions of 1:2000, 1:4000, and 1:20000,
respectively.
Drosophila adults or larva were entrained to LD and then dissected in
LD or DD to obtain neural tissues. The nervous systems were fixed in
4% paraformaldehyde solution and then washed in PBS and PBS-T
(0.05% Triton X-100). For immunostaining procedures, we employed
the primary antibodies at the following dilutions: guinea pig anti-PER
(1:1000, I. Edery), guinea pig anti-TIM (1:1000, I. Edery), rabbit anti-
PDF (1:2000, K.R. Rao), rabbit anti-Ebony (1:500, S. Carroll), mouse
anti-REPO (1:1000, University of Iowa Hybridoma Center), rat anti-
Serotonin (1:200, Accurate Chemical & Scientific Corporation), and
mouse anti-TH antibodies (1:200, Pel Freeze). Donkey anti-mouse
IgG (Cy3-conjugated, Molecular Probes), goat anti-rabbit (Alexa-488
conjugated, Molecular Probes), goat-anti-guinea pig (Cy3-conjugated,
Molecular Probes), donkey anti-mouse (Cy3-conjugated, Molecular
Probes), and donkey anti-rat (Alexa-488 conjugated, Molecular
Probes) second antibodies were all used at dilutions of 1:1000. Confo-
cal images were acquired from brain whole mounts using a Leica TCS
SP2 AOBS microscope within the Tufts/NEMC Imaging Core. Pixel in-
tensities were quantified using Leica Confocal Simulator Software. Net
values for fluorescence intensities were determined by subtracting
a background value from each acquired image. Normalized pixel inten-
sities were expressed as net fluorescence values per unit area. In ex-
periments designed to detect circadian changes in Ebony abundance,
the Ebony intensity values were normalized against REPO staining in-
tensity. Average values were computed from at least four individual
brains.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/55/3/435/DC1/.
ACKNOWLEDGMENTS
We thank Mary Roberts and other Jackson lab members for help with
fly collections and statistical analyses. We also thank the Bloomington
Stock Center for fly stocks; The University of Iowa Hybridoma Center
for monoclonal antibodies; Lai Ding and the Center for Neuroscience
Research (CNR) Imaging Core for help with confocal microscopy;
Sean Carroll for anti-ebony antibody and the UAS-ebony stock; Stefan
Thor for a repo-Gal4 stock; andBernhard Hovemann for eAFA, UAS-eb-
onyS5 stocks. This work was supported by NSF IBN 0234724 and NIH
R01 HL59873, both to F.R.J., and by a center grant (NIH P30
NS047243; P.I., F.R.J.) that funds the Tufts CNR.
Received: March 27, 2007
Revised: May 31, 2007
Accepted: June 28, 2007
Published: August 1, 2007
REFERENCES
Akten, B., Jauch, E., Genova, G.K., Kim, E.Y., Edery, I., Raabe, T., and
Jackson, F.R. (2003). A role for CK2 in the Drosophila circadian oscil-
lator. Nat. Neurosci. 6, 251–257.
Borycz, J., Borycz, J.A., Loubani, M., and Meinertzhagen, I.A. (2002).
tan and ebony genes regulate a novel pathway for transmitter metab-
olism at fly photoreceptor terminals. J. Neurosci. 22, 10549–10557.
Brand, A.H., and Perrimon, N. (1993). Targeted gene-expression as
a means of altering cell fates and generating dominant phenotypes.
Development 118, 401–415.
Campos-Ortega, J.A. (1974). Autoradiographic localization of 3H-
gamma-aminobutyric acid uptake in the lamina ganglionaris of Musca
and Drosophila. Z. Zellforsch. Mikrosk. Anat. 147, 415–431.446 Neuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc.Cantera, R., and Technau, G.M. (1996). Glial cells phagocytose neuro-
nal debris during the metamorphosis of the central nervous system in
Drosophila melanogaster. Rouxs Arch. Dev. Biol. 206, 277–280.
Carlson, S.D., and Saintmarie, R.L. (1990). Structure and function of
insect glia. Annu. Rev. Entomol. 35, 597–621.
Ceriani, M.F., Hogenesch, J.B., Straume, M., and Kay, S.A. (2003). Ge-
nome-wide expression analysis in Drosophila reveals genes control-
ling circadian behavior. Cell. Mol. Neurobiol. 23, 223.
Claridge-Chang, A., Wijnen, H., Naef, F., Boothroyd, C., Rajewsky, N.,
and Young, M.W. (2001). Circadian regulation of gene expression
systems in the Drosophila head. Neuron 32, 657–671.
Custer, S.K., Garden, G.A., Gill, N., Rueb, U., Libby, R.T., Schultz, C.,
Guyenet, S.J., Deller, T., Westrum, L.E., Sopher, B.L., and La Spada,
A.R. (2006). Bergmann glia expression of polyglutamine-expanded
ataxin-7 produces neurodegeneration by impairing glutamate trans-
port. Nat. Neurosci. 9, 1302–1311.
Cyran, S.A., Buchsbaum, A.M., Reddy, K.L., Lin, M.C., Glossop,
N.R.J., Hardin, P.E., Young, M.W., Storti, R.V., and Blau, J. (2003).
vrille, Pdp1, and dClock form a second feedback loop in theDrosophila
circadian clock. Cell 112, 329–341.
Drapeau, M.D. (2003). A novel hypothesis on the biochemical role of
the Drosophila Yellow protein. Biochem. Biophys. Res. Commun.
311, 1–3.
Drapeau, M.D., Radovic, A., Wittkopp, P.J., and Long, A.D. (2003). A
gene necessary for normal male courtship, yellow, acts downstream
of fruitless in the Drosophila melanogaster larval brain. J. Neurobiol.
55, 53–72.
Dunlap, J.C., and Loros, J.J. (2005). Analysis of circadian rhythms in
Neurospora: Overview of assays and genetic and molecular biological
manipulation. Methods Enzymol. 393, 3–22.
Ewer, J., Frisch, B., Hamblen-Coyle, M.J., Rosbash, M., and Hall, J.C.
(1992). Expression of the period clock gene within different cell types in
the brain of Drosophila adults and mosaic analysis of these cells influ-
ence on circadian behavioral rhythms. J. Neurosci. 12, 3321–3349.
Fields, R.D., and Burnstock, G. (2006). Purinergic signalling in neuron-
glia interactions. Nat. Rev. Neurosci. 7, 423–436.
Freeman, M.R. (2006). Sculpting the nervous system: Glial control of
neuronal development. Curr. Opin. Neurobiol. 16, 119–125.
Fricker-Gates, R.A. (2006). Radial glia: A changing role in the central
nervous system. Neuroreport 17, 1081–1084.
Giros, B., Jaber, M., Jones, S.R., Wightman, R.M., and Caron, M.G.
(1996). Hyperlocomotion and indifference to cocaine and amphet-
amine in mice lacking the dopamine transporter. Nature 379, 606–612.
Grima, B., Lamouroux, A., Chelot, E., Papin, C., Limbourg-Bouchon,
B., and Rouyer, F. (2002). The F-box protein Slimb controls the levels
of clock proteins Period and Timeless. Nature 420, 178–182.
Halter, D.A., Urban, J., Rickert, C., Ner, S.S., Ito, K., Travers, A.A., and
Technau, G.M. (1995). The homeobox gene repo is required for the
differentiation and maintenance of glia function in the embryonic ner-
vous system of Drosophila melanogaster. Development 121, 317–332.
Hardin, P.E. (2005). The circadian timekeeping system of Drosophila.
Curr. Biol. 15, R714–R722.
Hartenstein, V., Nassif, C., and Lekven, A. (1998). Embryonic develop-
ment of the Drosophila brain. II. Pattern of glial cells. J. Comp. Neurol.
402, 32–47.
Haydon, P.G. (2001). Glia: Listening and talking to the synapse. Nat.
Rev. Neurosci. 2, 185–193.
Haydon, P.G., and Carmignoto, G. (2006). Astrocyte control of synap-
tic transmission and neurovascular coupling. Physiol. Rev. 86, 1009–
1031.
Helfrich-Fo¨rster, C., Tauber, M., Park, J.H., Muhlig-Versen, M.,
Schneuwly, S., and Hofbauer, A. (2000). Ectopic expression of the
Neuron
Ebony Glia and Circadian Rhythmicityneuropeptide pigment-dispersing factor alters behavioral rhythms in
Drosophila melanogaster. J. Neurosci. 20, 3339–3353.
Hendricks, J.C., Lu, S., Kume, K., Yin, J.C., Yang, Z., and Sehgal, A.
(2003). Gender dimorphism in the role of cycle (BMAL1) in rest, rest
regulation, and longevity in Drosophila melanogaster. J. Biol. Rhythms
18, 12–25.
Hodgetts, R.B., and Konopka, R.J. (1973). Tyrosine and catechol-
aminemetabolism in wild-type Drosophilamelanogaster and amutant,
ebony. J. Insect Physiol. 19, 1211–1220.
Hotta, Y., and Benzer, S. (1969). Abnormal electroretinograms in visual
mutants of Drosophila. Nature 222, 354–356.
Hovemann, B.T., Ryseck, R.P., Walldorf, U., Stortkuhl, K.F., Dietzel,
I.D., and Dessen, E. (1998). The Drosophila ebony gene is closely re-
lated to microbial peptide synthetases and shows specific cuticle
and nervous system expression. Gene 221, 1–9.
Jackson, F.R., Genova, G.K., Huang, Y., Kleyner, Y., Suh, J., Roberts,
M.A., Sundram, V., and Akten, B. (2005). Genetic and Biochemical
Strategies for Identifying Drosophila Genes that function in Circadian
Control. In Circadian Rhythms, M.W. Young, ed. (New York: Elsevier),
pp. 663–682.
Jones, B.W. (2005). Transcriptional control of glial cell development in
Drosophila. Dev. Biol. 278, 265–273.
Ko, H.W., Jiang, J., and Edery, I. (2002). Role for Slimb in the degrada-
tion of Drosophila Period protein phosphorylated by Doubletime.
Nature 420, 673–678.
Kume, K., Kume, S., Park, S.K., Hirsh, J., and Jackson, F.R. (2005). Do-
pamine is a regulator of arousal in the fruit fly. J. Neurosci. 25, 7377–
7384.
Kyriacou, C.P., Burnet, B., and Connolly, K. (1978). The behavioral
basis of overdominance in competitive mating success at the ebony
locus of Drosophila melanogaster. Anim. Behav. 26, 1195–1206.
Levine, J.D., Funes, P., Dowse, H.B., and Hall, J.C. (2002). Signal anal-
ysis of behavioral and molecular cycles. BMC Neurosci. 3, 1.
Lin, J.M., Kilman, V.L., Keegan, K., Paddock, B., Emery-Le, M., Ros-
bash, M., and Allada, R. (2002a). A role for casein kinase 2 alpha in
the Drosophila circadian clock. Nature 420, 816–820.
Lin, Y., Han, M., Shimada, B., Wang, L., Gibler, T.M., Amarakone, A.,
Awad, T.A., Stormo, G.D., Van Gelder, R.N., and Taghert, P.H.
(2002b). Influence of the period-dependent circadian clock on diurnal,
circadian, and aperiodic gene expression in Drosophila melanogaster.
Proc. Natl. Acad. Sci. USA 99, 9562–9567.
MacDonald, J.M., Beach, M.G., Porpiglia, E., Sheehan, A.E., Watts,
R.J., and Freeman,M.R. (2006). TheDrosophila cell corpse engulfment
receptor draper mediates glial clearance of severed axons. Neuron 50,
869–881.
Majercak, J., Kalderon, D., and Edery, I. (1997). Drosophila mela-
nogaster deficient in protein kinase a manifests behavior-specific ar-
rhythmia but normal clock function. Mol. Cell. Biol. 17, 5915–5922.
Martinek, S., Inonog, S., Manoukian, A.S., and Young, M.W. (2001). A
role for the segment polarity gene shaggy/GSK-3 in the Drosophila
circadian clock. Cell 105, 769–779.
McDonald, M.J., and Rosbash, M. (2001). Microarray analysis and
organization of circadian gene expression in Drosophila. Cell 107,
567–578.
Miskiewicz, K., Pyza, E., and Schurmann, F.W. (2004). Ultrastructural
characteristics of circadian pacemaker neurones, immunoreactive to
an antibody against a pigment-dispersing hormone in the fly’s brain.
Neurosci. Lett. 363, 73–77.Myers, E.M., Yu, J., and Sehgal, A. (2003). Circadian control of eclo-
sion: Interaction between a central and peripheral clock in Drosophila
melanogaster. Curr. Biol. 13, 526–533.
Newby, L.M., and Jackson, F.R. (1991). Drosophila ebony mutants
have altered circadian activity rhythms but normal eclosion rhythms.
J. Neurogenet. 7, 85–101.
Newby, L.M., and Jackson, F.R. (1993). A new biological rhythm mu-
tant ofDrosophila melanogaster that identifies a gene with an essential
embryonic function. Genetics 135, 1077–1090.
Perez, M., Schachter, J., and Quesada-Allue, L.A. (2004). Constitutive
activity of N-beta-alanyl-catecholamine ligase in insect brain. Neuro-
sci. Lett. 368, 186–191.
Porzgen, P., Park, S.K., Hirsh, J., Sonders, M.S., and Amara, S.G.
(2001). The antidepressant-sensitive dopamine transporter in Dro-
sophila melanogaster: A primordial carrier for catecholamines. Mol.
Pharmacol. 59, 83–95.
Price, J.L., Blau, J., Rothenfluh, A., Abodeely, M., Kloss, B., and
Young, M.W. (1998). Double-time is a novel Drosophila clock gene
that regulates PERIOD protein accumulation. Cell 94, 83–95.
Prolo, L.M., Takahashi, J.S., andHerzog, E.D. (2005). Circadian rhythm
generation and entrainment in astrocytes. J. Neurosci. 25, 404–408.
Ramadan, H., Alawi, A.A., and Alawi, M.A. (1993). Catecholamines in
Drosophila melanogaster (wild type and ebonymutant) decuticalarized
retinas and brains. Cell Biol. Int. 17, 765–772.
Renn, S.C.P., Park, J.H., Rosbash, M., Hall, J.C., and Taghert, P.H.
(1999). A pdf neuropeptide genemutation and ablation of PDF neurons
each cause severe abnormalities of behavioral circadian rhythms in
Drosophila. Cell 99, 791–802.
Reppert, S.M., andWeaver, D.R. (2002). Coordination of circadian tim-
ing in mammals. Nature 418, 935–941.
Richardt, A., Rybak, A., Strortkuhl, K.F., Meinertzhagen, L.A., and Hov-
emann, B. (2002). Ebony protein in the Drosophila nervous system:
Optic neuropile expression in glial cells. J. Comp. Neurol. 452, 93–102.
Richardt, A., Kemme, T., Wagner, S., Schwarzer, D., Marahiel, M.A.,
and Hovemann, B.T. (2003). Ebony, a novel nonribosomal peptide
synthetase for beta-alanine conjugation with biogenic amines in Dro-
sophila. J. Biol. Chem. 278, 41160–41166.
Sathyanarayanan, S., Zheng, X.Z., Xiao, R., and Sehgal, A. (2004).
Posttranslational regulation of Drosophila PERIOD protein by protein
phosphatase 2A. Cell 116, 603–615.
Siwicki, K.K., Eastman, C., Petersen, G., Rosbash, M., and Hall, J.C.
(1988). Antibodies to the period gene product of Drosophila reveal di-
verse tissue distribution and rhythmic changes in the visual system.
Neuron 1, 141–150.
Ueda, H.R., Matsumoto, A., Kawamura, M., Iino, M., Tanimura, T., and
Hashimoto, S. (2002). Genome-wide transcriptional orchestration of
circadian rhythms in Drosophila. J. Biol. Chem. 277, 14048–14052.
Ullian, E.M., Sapperstein, S.K., Christopherson, K.S., and Barres, B.A.
(2001). Control of synapse number by glia. Science 291, 657–661.
Wright, T.R.F. (1987). The genetics of biogenic amine metabolism,
sclerotization, and melanization in Drosophila melanogaster. Adv.
Genet. 24, 127–223.
Xiong, W.C., and Montell, C. (1995). Defective glia induce neuronal ap-
optosis in the Repo visual-system of Drosophila. Neuron 14, 581–590.
Young, M.W., and Kay, S.A. (2001). Time zones: A comparative genet-
ics of circadian clocks. Nat. Rev. Genet. 2, 702–715.
Zerr, D.M., Hall, J.C., Rosbash, M., and Siwicki, K.K. (1990). Circadian
fluctuations of period protein immunoreactivity in the CNS and the
visual system of Drosophila. J. Neurosci. 10, 2749–2762.Neuron 55, 435–447, August 2, 2007 ª2007 Elsevier Inc. 447
